Particulate nitrate (pNO3 -) is an important component of secondary aerosols in urban 12 areas. Therefore, it is critical to explore its formation mechanism to assist with the 13 planning of haze abatement strategies. Here we report vertical measurement of NOx 14 and O3 by in-situ instruments on a movable carriage on a tower during a winter 15 heavy-haze episode (December 18 to 20, 2016) in urban Beijing, China. Based on the 16 box model simulation at different height, we found that pNO3formation via N2O5 17 heterogeneous uptake was negligible at ground level due to N2O5 concentration of 18 near zero controlling by high NO emission and NO concentration. In contrast, the 19 contribution from N2O5 uptake was large at high altitudes (e.g., > 150 m), which was 20 supported by the low total oxidant (NO2 + O3) level at high altitudes than that at 21 ground level. Modeling results show the specific case that the nighttime integrated 22 production of pNO3for the high-altitude air mass above urban Beijing was estimated 23 to be 50 μg m -3 and enhanced the surface-layer pNO3the next morning by 28 μg m -3 24 through vertical mixing. Sensitivity tests suggested that the nocturnal NOx loss by 25 NO3-N2O5 chemistry was maximized once the N2O5 uptake coefficient was over 26 2×10 -3 on polluted days with Sa was 3000 μm 2 cm -3 in wintertime. The case study 27 2 provided a chance to highlight that pNO3formation via N2O5 heterogeneous 28 hydrolysis may be an important source of the particulate nitrate in the urban airshed 29 during wintertime. 30 31 at high altitude sites of Kleiner Feldberg, Germany (Crowley et al., 2010a); the 79 London British Telecommunications tower, UK (Benton et al., 2010); and Boulder, 80 CO, USA (Wagner et al., 2013) showed the elevated N2O5 concentrations aloft. Model 81 studies showed that pNO3varied at different heights and stressed the importance of 82 the heterogeneous formation mechanism (Kim et al., 2014; Ying, 2011; Su et al.,
6 nighttime NO3 and N2O5 chemistry under NO free-air-mass conditions. Physical 145 mixing, dilution, deposition, or interruption during the transport of the air mass was 146 not considered in the base case, the physical influence to the model result will be 147 discussed in Sect. 3.4 . Here, f represents the ClNO2 yield from N2O5 uptake. 148 Homogeneous hydrolysis of N2O5 and NO3 heterogeneous uptake reaction were 149 neglected in this analysis because of the low level of absolute humidity and the 150 extremely low NO3 concentration during wintertime (Brown and Stutz, 2012) . The 151 corresponding rate constants of R1-R3 are those reported by Sander et al. (2011) . Following the work of Wagner et al. (2013) , the box model can be solved using six 158 equations (Eqs. 1-6). In the framework, O3 is only lost via the reaction of NO2 + O3 159 and the change in the O3 concentration can be expressed as Eq. 1. Eq. 2 can express 160 the losses of NO2. The s(t) is between 0 and 1 and expressed as Eq. 5, the physical 161 meaning of s(t) is the ratio of NO3 production which goes through N2O5 (either as 162 N2O5 or lost through uptake) to the total NO3 production (Wagner et al., 2013) . The 163 s(t) favors 0 when direct loss of NO3 dominates and favors 1 when N2O5 uptake 164 dominates NO3 loss. The model calculation has two steps. The first step is calculate 165 the mixing ratio of NO2 and O3 at time zero (herein designated as sunset). According 166 to Eqs. 1 and 2, the initial NO2 (t=0) and O3 (t=0) concentrations can then be 167 integrated backward in time starting with the measured concentrations of NO2 and O3 168 at each height. During the pollution period in winter in Beijing (NO2 = 45 ppbv, 169 Temperature = 273 K, Sa = 3000 μm 2 cm -3 ), the ratio of N2O5 to NO3 is large enough, 170 i.e., 450. The pseudo-first-order loss rate of N2O5 heterogeneous uptake will be 1×10 -3 171 s -1 , with a N2O5 uptake coefficient of 5×10 -3 . N2O5 uptake would contribute to the 172 NO3 loss rate of 0.4 s -1 , which is much higher than the direct NO3 loss through the 173 reaction of NO3 with VOCs. Therefore, N2O5 uptake was proposed to be dominantly 7 responsible for the NO3 loss and the initial s(t) was set to 1. concentrations were then approximated, and NO3 and N2O5 values were derived using 183 the same method as used in the first step. This process was repeated until the 184 difference between the two s(t) values was less than 0.005. The number of 185 adjustments to a new s(t) could not be calculated more than 10 times. Otherwise, the 186 calculating process would become non-convergent.
187
The modeled N2O5 concentrations and given kN2O5 were then used to estimate 188 pNO3formation. The HNO3 produced in R4 was not considered because many of the 189 products are organic nitrates (Brown and Stutz, 2012) . Here, kNO3 and kN2O5 denote 190 the pseudo-first-order reaction rate constants of the total NO3 reactivity caused by 191 ambient VOCs and N2O5 heterogeneous uptake, respectively. kN2O5 is given in Eq. 6.
192
Sa is the aerosol surface area, C is the mean molecular speed of N2O5, and γN2O5 is the 193 N2O5 uptake coefficient. Sunset and sunrise times during the measurements were which was corrected to ambient (wet) Sa for particle hygroscopicity via a growth 204 factor (Liu et al., 2013) . The uncertainty of the wet Sa was estimated to be ~30%, 205 which was associated with the error from dry PNSD measurement (~20%) and the 206 growth factor (~20%). Nighttime averaged Sa on the night of December 19 was about 207 3000 μm 2 cm -3 . PM measurements at the National Monitoring Sites proved this heavy 208 haze pollution episode was a typical regional event ( Fig. S1 ). Furthermore,
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synchronous study on the night of December 19, 2016, showed small variation in the for particles larger than 0.7 μm was not valid during the study period, the particles 214 smaller than 0.7 μm dominated more than 95% of the aerosol surface area in a 215 subsequent pollution episode (01/01/2017 to 01/07/2017), and similar results also 216 were reported in other studies (e.g., Crowley et al., 2010a; Wang et al., 2018) . The 217 possible lower bias of Sa (5%) only led to a small overestimation of N2O5, i.e., 218 3.6%-4.2%, and an underestimation of pNO3of 0.2%-2.5% when γN2O5 varied from 219 1×10 -3 to 0.05.
220
The N2O5 uptake coefficient and ClNO2 yield are key parameters in the estimation 221 of pNO3formation (Thornton et al., 2010; Riedel et al., 2013; Wagner et al., 2013; 222 Phillips et al., 2016). Wagner et al. (2013) shows the significant pNO3suppression of 223 N2O5 uptake aloft in the wintertime in Denver, CO, USA, the uptake coefficient is 224 0.005 when the percentage of pNO3in the PM2.5 mass concentration is 40%. As the 225 proportion of nitrate in the particle mass concentration is similarly high in North we set the initial fClNO2 to zero. Previous work showed the averaged kNO3 was 0.01 -231 0.02 s -1 in summer Beijing, with BVOCs contributing significantly (Wang H et al., 232 2017a; Wang et al., 2018) . The intensity of BVOCs emissions decreased in wintertime,
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owing to the lower temperature and weak solar radiation, thus the kNO3 should be 234 smaller than it is in summer. In this work, the model input kNO3 was set to an arbitrary 235 and relatively high value of 0.02 s -1 (equivalent to 0.2 ppbv isoprene + 40 parts per 236 trillion volume (pptv) monoterpene + 1.0 ppbv cis-2-butene), to constrain the impact 237 of N2O5 uptake in the model. A series of sensitivity tests was conducted to study the 238 uncertainties of the model simulation, and the detailed test sets are listed in Table 1 , 239 included the test of N2O5 uptake coefficient and kNO3. The γN2O5 sensitivity tests were 240 set from 0.001 to 0.05, and the kNO3 tests were set to 0.001 s -1 , 0.01 s -1 , and 0.1 s -1 .
241
In the calculation of the particulate nitration formation by N2O5 uptake, an 242 assumption is that all soluble nitrate formed from N2O5 uptake goes to the particle 243 phase rather than the gas phase. The assumption would lead to an upper bias as the 244 degassing of gas phase HNO3 from particulate nitrate. While in winter Beijing, the 245 mixing ratio of NH3 was rich to tens of ppbv and always much higher than the 246 nocturnal gas phase HNO3 (e.g., Liu et al., 2017) . The high NH3 suppressed the 247 degassing of particulate nitrate effectively. The measurement of gas phase HNO3 and 248 pNO3in the surface layer of Beijing showed the soluble nitrate favor to particle phase 249 in winter, especially in polluted days. For example, the nocturnal ratio of pNO3to 250 total soluble nitrate was larger than 0.95 on average (Liu et al., 2017) . Due to the low 251 temperature and high RH at high altitude, the ratio would increase and the degassing 252 of particulate nitrate is negligible. Fig. 2a ). Throughout the pollution episode, the meteorological conditions 262 included high RH (50% ± 16%) and low temperature (2 ± 3 °C). The slow surface 263 wind speed (< 3 m s -1 ) implied the atmosphere was stable (Fig. 2c, d of NO and NO2 that were observed at ground level during the PM pollution episode,
269
suggesting that pNO3production via N2O5 uptake was not important near the ground 270 during the winter haze episode. remained zero during the nighttime (Fig. 3b ). The vertical profile on December 20 279 suggests that at least below 240 m, the N2O5 chemistry was not important, which is 280 consistent with the results at ground level as mentioned above. The vertical profile on 281
December 19 was different with that on December 20. Figure 4a shows the vertical 282 profiles around 21:00 on December 19; NO was abundant from the ground to 100 m, 283 then gradually decreased to zero from 100 m to 150 m, and remained at zero above 284 150 m. The observed NO2 concentration was 85 ± 2 ppbv below 100 m, which 285 gradually decreased from 100 m to 150 m, and was 50 ± 2 ppbv from 150 m to 240 m.
286
The observed O3 concentrations below 150 m were below the instrumental limit of 287 11 detection ( Fig. 4b) . Above 150 m, the O3 concentration was 20 ± 2 ppbv, 288 corresponding to zero NO concentration. With respect to Ox, the mixing ratio of Ox 289 was 85 ± 2 ppbv at lower altitudes, whereas the Ox concentration at higher altitudes 290 was 15 ppbv lower than that at lower altitudes (Fig. 4b) . The Ox missing from the 291 higher altitude air mass indicated an additional nocturnal removal of Ox aloft.
292 Figure 5 depicts the vertical profiles of NOx, O3, and Ox at 09:30 on the morning of 293 December 20, which have similar features to those observed at 21:00 on December 19.
294
The vertical profiles suggested stratification still existed at that time. The amount of 295 Ox missing aloft in the morning increased to 25 ppbv at 240 -260 m, demonstrating 296 that an additional 25 ppbv of Ox was removed or converted to other compounds at 297 higher altitudes than at the surface layer during the night from December 19 to 20.
298 Figure S3 shows the vertical profiles of NO, NO2, O3, and Ox at ~12:00 on December 299 18, when solar radiation was strong enough to mix the trace gases well in the vertical 300 direction. NOx and O3 were found to be well mixed indeed, with small variation from 301 the ground level to 260 m. In the base case, the average initial NO2 and O3 levels above 150 m at sunset were 313 61 ± 3 ppbv and 27 ± 6 ppbv, respectively. The measured NO2 concentration at the 314 PKU site at sunset (local time, 16:55) was 61 ppbv and showed good consistency with 315 the model result. The modeled N2O5 concentration was zero below 150 m, as the high 12 level of NO made for rapidly consumption of the formed NO3. In contrast, the 317 modeled N2O5 concentrations at 21:00 above 150 m were in the range of 400-600 318 pptv (Fig. 6a) . The pNO3formation by N2O5 heterogeneous uptake from sunset to the 319 measurement time can be calculated using Eq. 7, which was significant of 24 μg m -3 320 after sunset above 150 m. The pNO3formed in 4.5 hours was equivalent to 13 ppbv 321
Ox loss and consistent with the observation (15 ppbv) (Fig. 6b) . Where the 1.5:1 322 relationship between Ox and pNO3was used to calculate the Ox equivalence (S. S. 323 Brown et al., 2006) .
The box model enabled the analysis of the integrated pNO3and ClNO2 via N2O5 326 uptake throughout the night. As shown in Fig. 6c , the modeled integrated pNO3went 327 as high as 50 μg m -3 . The integrated pNO3at sunrise was equal to the loss of 27 ppbv 328 Ox, showing a good agreement with the observed Ox missing (25 ppbv) aloft in the 329 morning hours. During the nighttime, the pNO3formed aloft via N2O5 uptake led to 330 the much higher particle nitrate concentration than that in the surface layer, which has 331 been reported in many field observations (Watson et al., 2002; S. G. Brown et al., 332 2006; Lurmann et al., 2006; Ferrero et al., 2012; Sun et al., 2015b) . The elevated 333 pNO3aloft was well dispersed through vertical mixing and enhanced the 334 surface-layer PM concentration; this phenomenon was also observed in previous 335 studies (Watson et al., 2002; S. G. Brown et al., 2006; Lurmann et al., 2006; 336 Prabhakar et al., 2017) . Zhong et al. (2017) Previous studies have emphasized that the N2O5 uptake coefficient varies greatly 353 (0.001 -0.1) in different ambient conditions (Chang et al., 2011; Brown and Stutz, 354 2012; Wang H et al., 2016) , which is the main source of uncertainties in this model. In 355 the present research, sensitivity studies showed the modeled N2O5 concentration 356 dropping from 3 ppbv to 60 pptv when the N2O5 uptake coefficients increased from 357 0.001 to 0.05 (Fig. 6a) , as the N2O5 concentration is very sensitive to the loss from 358 heterogeneous reactions. Compared to the base case, the accumulated pNO3was 359 evidently lower at γ = 0.001 (44 μg m -3 ). Low N2O5 uptake coefficients correspond to 360 several types of aerosols, such as secondary organic aerosols (Gross et al., 2009) , 361 humic acids (Badger et al., 2006) , and certain solid aerosols (Gross et al., 2008) .
362
When the N2O5 uptake coefficient increased from 0.005 to 0.05 (Fig. 6b, c) , the 363 increase in integral pNO3was negligible. The conversion capacity of N2O5 uptake to 364 pNO3is maximized for a given, fixed value of the ClNO2 yield. reaction were regarded as NOx removal. Figure 7 shows the dependence of the 376 overnight NOx loss efficiency on the N2O5 uptake coefficient, as it varied from 1×10 -5 377 to 0.1. This is an increase from 20% to 56% with increasing γN2O5, which is similar to 378 the result addressed by Chang et al. (2011) . (Crowley et al., 2010b; Tang et al., 2017) or determined in many field 391 experiments (e.g., S. S. Brown et al., 2006; Wagner et al., 2013; Morgan et al., 392 2015; Phillips et al., 2016; Brown et al., 2016; Wang H et al., 393 2017b; . This suggests that the NOx loss and pNO3formation by 394 N2O5 uptake were easily maximized in the pollution episode, and further worsening 395 the PM pollution.
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In the base case, the modeled pNO3formation via N2O5 uptake was an upper limit 
